As a first line of defense, natural killer (NK) cells play a critical role in eliminating acute infections and providing innate immune surveillance of tumor cells[@b1][@b2]. NK cells are activated upon recognition of downregulated MHC class I and engagement of specific activating receptors including NKG2D, NK1.1, 2B4, DNAM-1, and natural cytotoxicity receptors (NCRs)[@b3]. Exposure to cytokines, such as IL-2, IL-12, IL-15, IL-18, and type I interferons promote NK cell priming and expansion[@b2][@b4]. While this model is generally accepted as the basis for NK cell activation and proliferation, it does not sufficiently explain the behavior of NK cells in culture, for example, the requirement for maintenance of a critical NK cell density during rapid *in vitro* expansion and the observation that highly purified NK cells grow faster and to larger numbers when cultured in round-bottom wells than in flat-bottom wells of similar dimensions. These observations would not be predicted by the general convention whereby NK cell activation and expansion are governed primarily by receptor pattern recognition and demonstrate that NK cells require homotypic cell-to-cell interaction.

To examine the contribution of NK cell-to-cell communication to the process of cell survival, activation, and proliferation, we adopted use of specialized cell-laden microwells under conditions where NK cells were grown in 'social microwells\' (in which cells were allowed to contact each other freely), and 'lonesome microwells\' (in which single-occupancy 'orphan\' cells experience no cell-cell contact). By controlling the level of cellular proximity and their communication with neighboring cells, this system offers highly sensitive and quantifiable measurements of NK cell contact-mediated changes that cannot be obtained from a bulk population. Using this cell-laden approach, we now demonstrate that NK cells can utilize homotypic cell-to-cell contact for optimal activation, accelerated proliferation kinetics, and maximal effector functions via enhanced cytokine responsiveness that is dependent on 2B4/CD48 interaction.

Results
=======

Highly purified NK cells proliferate to a significantly greater extent when cultured in round-bottom wells compared to flat-bottom wells in response to IL-2
------------------------------------------------------------------------------------------------------------------------------------------------------------

Unlike T cells, NK cells can bypass antigen presenting cells (APC)-mediated contacts and be fully activated in vitro using relatively high doses of IL-2[@b4]. Since IL-2/IL-2R signaling is not thought to be dependent on cell-cell contact, the initial seeding density of NK cells and surface area of wells in IL-2 would not be expected to affect the degree of activation. To test this, we purified NK cells from whole splenocytes, and cultured them in round or flat-bottom 96 well-plates with varying concentrations of IL-2 ([Fig. 1a](#f1){ref-type="fig"}). To our surprise, NK cells in round-bottom wells demonstrated significantly higher levels of proliferation compared with those grown in flat-bottom wells at all doses of IL-2 tested, as measured by ^3^H-thymidine incorporation and CFSE dilution assays ([Fig. 1b--c](#f1){ref-type="fig"}). At the highest IL-2 dose, however, the growth difference between round- and flat-bottom wells became less apparent over time (day 6, [Fig. 1c](#f1){ref-type="fig"}), indicating that high IL-2 concentrations can mitigate the enhancement seen in round-bottom wells. CD11b/CD27 staining[@b5] along with CFSE dilution assays revealed that peripheral NK cells at all stages of maturation (CD11b^low^CD27^high^→CD11b^high^CD27^high^→CD11b^high^CD27^low^) underwent higher levels of proliferation in round bottom wells than they did in flat-bottom wells ([Fig. 1d](#f1){ref-type="fig"}), suggesting that cell to cell contact is important for the proliferation and survival of NK cells. Of note, NK cells with a more mature phenotype demonstrated a higher fold increase in proliferation in round-bottom wells than less mature NK cells.

The enhanced proliferation observed in round-bottom wells suggests that cell density, not the total number, of NK cells is important in controlling the rate of cell division. At a fixed IL-2 concentration of 500 U/mL ([Fig. 2a](#f2){ref-type="fig"}), we found that NK cells in round-bottom wells achieved maximum proliferation after 5 days at the lowest cell concentration (0.1 × 10^5^ cells, 82.6%, [Fig. 2b](#f2){ref-type="fig"}), while cells cultured in flat-bottom wells yielded a proliferative fraction of only 50% at the lowest cell concentration, gradually increasing to a maximal level of proliferation only at the highest cell density (81.4% at 5 × 10^5^ cells/well; [Fig. 2b](#f2){ref-type="fig"}). When these events were assessed over time, NK cells in round-bottom wells consistently exhibited a higher percentage of CFSE-diluted cells from day 3 ([Fig. 2c](#f2){ref-type="fig"}). Supporting the hypothesis that effective density is important, we observe, beginning at day 4, that an increase in the percentage of proliferating cells in flat-bottom wells correlates positively with cell number; in contrast, the increase in percentage of proliferating cells in round-bottom wells is cell number-independent. Therefore, NK cell-to-cell contacts may modulate proliferation kinetics by lowering the threshold of activation by IL-2.

NK cells in round-bottom wells demonstrate increased activation markers and responsiveness to IL-2 compared to flat-bottom wells
--------------------------------------------------------------------------------------------------------------------------------

We next examined if increased NK cell proliferation by cell-cell contact correlated with the activation status of NK cells. Expression of the very early activation marker, CD69, and upregulation of IL-2Rα chain (CD25) were found to be significantly increased in NK cells cultured in round-bottom wells when compared to those in flat-bottom wells 3 days following exposure to a suboptimal dose of IL-2 (300 U/ml, [Fig. 3a](#f3){ref-type="fig"}). The differences in CD25 and CD69 expression between NK cells cultured in round- vs. flat-bottom wells were apparent from day 2 and continued until day 4, after which it became indistinguishable. This may have been due to both cultures reaching a proliferative plateau by day 6, as seen in [Fig. 2c](#f2){ref-type="fig"}, or to a difference in cell survival among NK cells between the two types of wells. To determine whether there was a difference in NK cell survival, we performed Annexin V and propidium iodide (PI) staining by flow cytometry as markers of apoptotic and necrotic cell death processes, respectively. While there was no significant difference in cell death between day 2 and day 4, significantly larger numbers of late-stage apoptotic cells (upper right quadrant, Annexin V^+^PI^+^) were found in the flat-bottom wells than in the round-bottom wells at day 6 ([Fig. 3b](#f3){ref-type="fig"}). This result suggests that NK cells cultured in round-bottom wells, in which cells are in close proximity to each other and maintain cell-cell contact, exhibited enhanced survival by these measures when compared with cells cultured in flat-bottom wells.

We next asked whether this contact--mediated increase in activation and proliferation could lead to changes in NK cell effector functions. When NK cells cultured in round- or flat-bottom wells were admixed with NK-sensitive YAC-1 target cells, NK cells underwent degranulation and exposed CD107a (LAMP1) on the surface[@b6]. Among NK cells cultured in round-bottom wells, not only was there a higher percentage of NK1.1^+^ cells expressing surface CD107a (6.3% vs. 11.9%), but these cells also expressed higher levels of surface CD107a (mean MFI: 17.5 vs. 26.41, upper panel; [Fig. 3c](#f3){ref-type="fig"}). Similarly, both the percentage and level of intracellular IFN-γ expression was significantly elevated in NK cells cultured in round-bottom plates (5.5% vs 10.7%, mean MFI: 9.15 vs. 12.03; [Fig. 3c](#f3){ref-type="fig"}). The differences in cytotoxicity and IFN-γ secretion observed between NK cells cultured in round vs. flat-bottom wells were not due to the differences in the intracellular levels of granzyme B or perforin (components of cytotoxic machinery), or T-bet, a transcriptional factor controlling IFN-γ production (bottom panels, [Fig. 3c](#f3){ref-type="fig"}). Taken together, these data suggest that NK-NK cell contact can control not only the rate of proliferation, but also the activation status of NK cells resulting in elevated NK cell effector functions.

Homotypic cell-to-cell interaction results in increased CD122/CD132 cluster formation, as revealed by cell-laden 'social\' and 'lonesome\' microwells
-----------------------------------------------------------------------------------------------------------------------------------------------------

The concept that cell-to-cell contact increases activation and proliferation in response to IL-2 prompted us to investigate the signaling pathways downstream of IL-2R. We adopted a recently developed "cell-laden microwell approach", where the effect of cell-cell contact can be precisely controlled and evaluated in a context-dependent fashion[@b7]. Cell-laden microwells containing three different sizes of microwells in a single surface were fabricated ([Fig. 4a](#f4){ref-type="fig"}). In the 60 μm and 40 μm microwells, cells were allowed to contact each other; termed 'social\' microwells. To prevent cell-cell contact, 4 by 4 arrays of 12 μm circular microwells, which correspond to the size of activated NK cells, termed 'lonesome\' microwells were used. Importantly, a 40 μm social microwell contains \~16 cells on average, which approximates the number of cells contained in a 4 by 4 array of 'lonesome\' microwells, while a 60 μm social microwell, holding \~ 33 total cells on average, occupies an area equivalent to that of a 4 by 4 array of lonesome microwells ([Fig. 4a](#f4){ref-type="fig"}). When purified NK cells were cultured in IL-2 for 36 hours, cells in both 60 μm and 40 μm social microwells exhibited a higher proliferative index, as evidenced by elevated Ki-67 expression, than those in lonesome microwells ([Fig. 4b](#f4){ref-type="fig"}). Similar upregulation of CD25 expression was observed on NK cells in social microwells after 36 h, confirming the activated status of NK cells compared with those in lonesome microwells ([Fig. 4c](#f4){ref-type="fig"}). These data provide strong support for the hypothesis that contact-mediated NK-NK cell interactions control the degree of activation and proliferation of NK cells by IL-2.

Initial events upon IL-2 stimulation in naïve NK cells entail clustering of IL-2βR (CD122) and common γ (CD132) chains to drive low affinity IL-2R signaling. Therefore, we next examined if cell-to-cell contact modulated CD122/CD132 clustering in response to IL-2. As shown in [Fig. 4d](#f4){ref-type="fig"}, NK cells cultured in both social and lonesome microwells demonstrated bright puncta of CD122 and CD132 that were more colocalized on the surfaces of cells, as a result of IL-2 stimulation. However, the number of colocalized CD122/CD132 puncta was significantly higher in cells cultured in social microwells than those in lonesome microwells, indicating that when NK cells are permitted to contact other NK cells, augmented clustering of CD122/132 occurs at the cell surface. To test whether CD122/132 clustering of NK cells required co-localization into lipid rafts, as is the case with CD8^+^ naïve T cells[@b8], we visualized lipid rafts by GM-1 staining (top panel, [Fig. 4e](#f4){ref-type="fig"}). While GM-1 staining was uniformly distributed along the cell membrane, CD132 still formed distinct puncta (top panel, [Fig. 4e](#f4){ref-type="fig"}), suggesting that CD122/CD132 clustering is not likely to be controlled by lipid rafts. However, NK cells treated with Latrunculin A, which inhibits F-actin polymerization, or nocodazole, which inhibits microtubule formation, demonstrated significantly lower levels of CD132 (bottom panel, [Fig. 4e](#f4){ref-type="fig"}) suggesting that CD122/132 clustering is dependent on cytoskeletal reorganization.

To further confirm the role of homotypic interaction in IL-2 signaling, we measured the level of Stat3 activation downstream of CD122/CD132 clustering. As shown in [Fig. 5a](#f5){ref-type="fig"}, NK cells in social microwells demonstrated bright staining of active phospho-Stat3 (p-Stat3), which overlapped with that of CD25. However, cells cultured in lonesome wells demonstrated weak p-Stat3 and CD25 staining, and their co-localization was significantly diminished. Similarly, NK cells cultured in round-bottom wells demonstrated elevated p-Stat3 at the protein level that was more than two fold higher than that seen among NK cells cultured in flat-bottom wells ([Fig. 5b](#f5){ref-type="fig"}). These data clearly demonstrate that cell-cell contact among NK cells enhances the IL-2R-mediated intracellular signaling pathways leading to the activation of Stat3 and elevated cell proliferation.

2B4, but not LFA-1, is required for NK cell contact mediated activation and proliferation by IL-2
-------------------------------------------------------------------------------------------------

We next investigated the molecular basis in controlling NK cell-to-cell homotypic interactions. Among several receptors known to mediate cell-cell adhesion, LFA-1/ICAM-1 was shown to be most important for T cell activation and proliferation[@b9], whether this interaction plays a significant role in homotypic NK cell activation is unknown. Aside from LFA-1, 2B4, a SLAM family receptor member that binds to CD48, is ubiquitously expressed on NK cells and can regulate the activation and function of NK cells[@b10]. We therefore investigated if these receptors were localized at the NK-NK contact sites by immunofluorescence. Upon IL-2 activation, we found that both CD11a (LFA-1) and 2B4 localized to synapses along cell-cell contact sites. However, NKG2D, an NK activating receptor ubiquitously expressed on NK cells, was not found to be present at the NK-NK contact sites; rather it was clustered randomly throughout the cell ([Fig. 6a](#f6){ref-type="fig"}).

To determine whether homotypic interactions of 2B4/CD48 or LFA-1/ICAM-1 receptor pairs among NK cells contribute to the IL-2-mediated activation of NK cells, we treated NK cells cultured in social or lonesome microwells with blocking antibodies. While the activation/proliferation burst observed in social wells was independent of LFA-1 signaling, treatment with an anti-2B4 blocking antibody inhibited the enhanced proliferation ([Fig. 6b](#f6){ref-type="fig"}) and activation ([Fig. 6c](#f6){ref-type="fig"}) of NK cells in social microwells down to levels seen in lonesome microwells. A similar defect was observed when 2B4KO NK cells were cultured in social microwells ([Fig. 6b, c](#f6){ref-type="fig"}). In addition, anti-2B4-treatment reduced the level of CD122/CD132 clustering of NK cells in social microwells down to the level of NK cells in lonesome microwells ([Fig. 6d](#f6){ref-type="fig"}). Of note, our previous study using plate-coated anti-2B4 and anti-CD48 antibodies revealed that triggering of 2B4, not CD48, enhanced cytokine responsiveness[@b11]. Therefore, enhanced IL-2 signaling following homotypic NK-NK cell interactions required 2B4 ligation and occurred at the level of IL-2R clustering at the surface.

We next examined if the contact-mediated control of NK cell activation was limited to IL-2 or extended to other common γ-chain receptor cytokines. Since IL-15 signaling also requires assembly of CD122 and CD132 and plays a critical role in NK cell activation[@b5][@b12], we tested whether 2B4 was required for IL-15-induced NK cell activation. Indeed, proliferation of NK cells by IL-15 was significantly enhanced in social microwells compared to that in lonesome wells, suggesting that cell-cell contact is necessary for optimal activation by IL-15. As in the case with IL-2, treatment with anti-2B4 mAb abrogated this effect ([Fig. 6e](#f6){ref-type="fig"}). Taken together, our data demonstrate that the homotypic NK-to-NK cell interactions occur in the presence of common γ-chain cytokines, IL-2 and IL-15, and require 2B4/CD48 interaction.

2B4-mediated interaction enhances CD122/132 clustering and proliferation of NK cells in vivo
--------------------------------------------------------------------------------------------

To validate if 2B4-mediated clustering of CD122/132 also occurs in vivo to augment proliferation of NK cells, we injected both WT and 2B4-KO mice with poly I:C, a TLR3 agonist that can induce the cytokine milieu seen with IL-2 or IL-15 *in vitro*[@b13][@b14], and measured CD122/132 clustering ([Fig. 7a](#f7){ref-type="fig"}). We found that CD122 and CD132 clustered as bright puncta and colocalized in NK cells of WT mice activated with poly I:C ([Fig. 7b](#f7){ref-type="fig"}). However, CD122 clustering in 2B4KO mice was significantly diminished to levels identical to that of NK cells in PBS-injected mice ([Fig. 7c](#f7){ref-type="fig"}). These results demonstrate that 2B4-mediated clustering of CD122/132 in NK cells also occurs in vivo in response to cytokine stimulation. NK cell clustering of CD122/132 corresponded to the degree of cell proliferation, as measured by Ki-67 expression, and highlights the signaling defects in NK cell proliferation in 2B4 KO mice ([Fig. 7d](#f7){ref-type="fig"}). Similar to in vitro results, percentage of Ki-67^+^ NK cells from 2B4KO mice was significantly lower than WT mice. Therefore, 2B4-mediated homotypic NK cell-to-cell interactions play a critical role in the IL-2R signaling and synergistic proliferation of NK cells in response to γ-chain receptor cytokines *in vivo*.

Discussion
==========

NK cells play a critical role at the interface between the innate and adaptive immune response in controlling infection and cellular transformation. The hierarchical program initiated by DCs leading to NK activation and full effector function has been shown to be essential to the resolution of these processes[@b15][@b16]. The data presented here establish a novel NK cell activation pathway that is controlled by homotypic cell-cell contact and cell clustering downstream of the initial crosstalk between DCs and NK cells. Using a cell-laden microwell approach combined with quantitative fluorescence microscopy, we confirmed that the local density of NK cells, and not merely the number of cells, controls the degree of NK cell activation and proliferation. Furthermore, cell-to-cell contact increased NK cell responsiveness to IL-2 and IL-15 signaling by initiating the IL-2R clustering process and Stat3 activation, leading to enhancement of NK cell activation and proliferation. Importantly, this process required intact actin and microtubules and was dependent on 2B4/CD48 interaction, but not LFA-1/ICAM-1. Taken together, our study sheds new light on a mechanism of NK cell activation that is dependent on homotypic cell-cell clustering regulated by 2B4/CD48 interaction.

The evidence provided here, that attaining full NK effector function and proliferation is a contact-dependent process mediated by 2B4, extends findings from our previous study demonstrating a direct effect of 2B4 on NK cells through CD48 binding on neighboring NK cells[@b10] and addresses a long-standing question of whether NK cells require co-stimulation to be optimally activated. In our study, both LFA-1 and 2B4 co-localized to NK contact sites upon IL-2 stimulation, but the synergistic effect initiated by homotypic interaction appeared to depend exclusively on 2B4, and not LFA-1. We have shown previously that 2B4/CD48 binding results in unidirectional signaling through the 2B4, not CD48, bearing cells in response to IL-2 or type I interferon[@b10][@b11]. However, 2B4 is also known to serve as a functional switch mediating both stimulatory and inhibitory signals. This was shown to depend on the level of 2B4 surface expression and the adapter molecules bound to immune-receptor tyrosine-based switch motifs (ITSM) present on the intracellular domain of 2B4[@b17][@b18]. The stimulatory role for 2B4 described here and in our earlier study[@b10] and contrasts with the inhibitory role 2B4 plays in other cell types such as exhausted T cells[@b19][@b20][@b21], and NK cells themselves[@b22][@b23]. The precise mechanism responsible for these opposing functions is still not fully understood but one possibility is that the expression level of surface 2B4 may determine the outcome of engagement, with lower 2B4 levels leading to a stimulatory pathway[@b24] by recruiting the adapter molecule, SAP[@b18][@b25]. The fact that NK cell synergy following homotypic cell-cell contact can be more effectively abolished when 2B4/CD48 interaction was blocked during the early phase of this process when 2B4 expression is low, but not during or after the initial cell contact has been established, is consistent with a surface proximal event.

Following 2B4 engagement, we observed enhanced responsiveness to IL-2 and IL-15, common γ chain receptor cytokines. The mechanism by which 2B4 engagement leads to an amplified IL-2 signal will require further study but possible scenarios are proposed. Since binding of SAP to ITSMs (immunoreceptor tyrosine-based switch motifs)[@b26] can lead to activation of PLC-γ through recruitment of effector tyrosine kinases, e.g., fyn[@b27][@b28][@b29][@b30], 2B4/CD48 binding following homotypic cell-cell contact may synergize with IL-2 signaling at the membrane proximal step involving PLC-γ activation or further downstream along the Ras/MAP kinase activation pathway[@b31]. Another mutually non-exclusive possibility is that soluble IL-2 (or IL-15) present in limiting amounts within the microenvironment may be sequestered and concentrated locally at cell-cell contact sites. Since homotypic cell-cell contact leads to rapid upregulation of surface CD25, soluble IL-2 may be trans-presented to neighboring NK cells. IL-2 trans-presentation by NK cells has not previously been reported, but our preliminary data demonstrating that CD25 is required to deliver an IL-2 signal through NK-NK contact supports this concept. 2B4/CD48 interaction may further stabilize cell-cell contacts, or additionally facilitate the proliferation and expansion process by inhibiting NK cell fratricide[@b23][@b32]. This is a feature observed only with 2B4 and not LFA-1, although both molecules can function as adhesion receptors and trigger intracellular signaling.

Our data provide clear evidence that the 2B4-mediated signaling in NK cells through homotypic NK-NK cell interactions plays an important role in augmenting cytokine receptor clustering and proliferation both in vitro and in vivo. Considering that CD48 is expressed in many different types of hematopoietic cells, we do not exclude the possibility that 2B4 signaling in NK cells may be induced by heterotypic interactions with CD48-expressing non-NK cells including T cells[@b33] as well as by homotypic interactions with neighboring NK cells. Direct observation of cellular dynamics during priming by in vivo multi-photon microscopy may be helpful for the formal demonstration of NK-NK homotypic interactions in vivo. In case of T cells, formation of dynamic multi-cellular clusters with significantly increased duration of T cell-T cell contacts during activation, which significantly enhance cytokine signaling and differentiation, was demonstrated for both CD4 and CD8 T cells[@b9][@b14][@b15]. Careful examination of NK-NK contact duration in WT and 2B4 KO mice would provide a clue about significance of 2B4/CD48 in NK-NK homotypic interactions *in vivo*. However, prolonged cell-cell contact may not be necessary for cell-cell communication in immunity since T cells interacting with APC presenting self-peptide receive tonic signals that significantly lower activation threshold of T cells[@b34][@b35][@b36] without forming stable cell-cell contacts[@b37]. Therefore, functional in vivo study with CD48 present only in NK cells would be the most definitive method to verify in vivo relevance of NK-NK homotypic interactions mediated by 2B4-CD48 interactions demonstrated in vitro in the current study.

In terms of addressing the broader question of why cell contact between NK cells is necessary for optimal NK cell activation in the normal immune response, one possibility is that cell contact acts as a quorum-sensing mechanism, whereby the density of activated NK cells within an affected area can function as a measure of the extent of viral infection or tumor transformation. In a recent study, NK cells were shown to be present in the tumor microenvironment in isolation under steady-state conditions but upon expression of an NK activating ligand on tumor cells, a dramatic increase in the number and density of NK cells was detected within the tumor environment[@b38] wherein homotypic contact is more likely to occur. In our study, intimate cell-to-cell contact among NK cells that cluster following initial activation provide potent costimulatory signals to each other through 2B4 and mediate IL-2 receptor upregulation and trans-presentation of local IL-2 to nearby NK cells. This may be physiologically relevant in vivo. During the initial phases of the innate response, activated DCs induce rapid clustering of NK cells[@b39] followed by DC-derived IL-2 priming[@b40]. NK cell clustering and homotypic interaction lead to upregulation of IL-2 receptor expression and IL-2 trans-presentation further expanding a self-propagating NK population independent of other APCs. Since NK cells can also participate as antigen-presenting cells whereby exogenous antigen is actively internalized, processed and presented to T cells[@b41], there exists a potential dual role for activated NK cells to present *both* IL-2 and antigen to the emerging adaptive immune response.

The revelation that homotypic NK cell-to-cell contact may be involved in choreographing the interaction between NK cells, IL-2 and elements of innate and adaptive immunity in a 2B4-dependent manner highlights the physiologic cell-to-cell communication process in vivo. Any physiologic events that alter local cytokine levels, NK cell density or 2B4 signaling can have a significant impact on the cascade of events leading to full NK cell activation and proliferation and the control of infection and tumor immunity.

Methods
=======

Mice
----

Six to 8 week old female C57BL/6 mice were purchased from Nara Biotech (Seoul, Korea) and Frederick Cancer Research and Developmental Center (National Cancer Institute, Frederick, MD). 2B4 knock-out mice were generated as previously described[@b22]. All mice were maintained at the University of Chicago and Korea University animal housing facilities under specific pathogen-free condition. All animal experiments were approved by Institutional Animal Care and Use Committees of University of Chicago and Korea University and performed in accordance with national and institutional guidelines.

Primary mouse NK cell preparation
---------------------------------

Purification of NK cell was performed as previously described[@b42]. NK cells were enriched from spleen cell suspensions via negative depletion of B cells by passing through a nylon wool column followed by magnetic depletion of CD3, CD4, CD8, CD19 and Gr-1 positive cells using miniMACS according to the manufacturer\'s protocols (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of CD3^−^DX5^+^ NK cells was 82-95%. Enriched NK cells were cultured in complete RPMI with IL-2 (rhIL-2; Chiron, Emeryville, CA).

Antibodies and Flow cytometry
-----------------------------

Anti-mouse NK1.1 (clone PK136), CD3 (145-2C11), CD69 (H1.2F3), CD25 (PC61.5), CD122 (TM-b1), CD132 (TUGh4), NKG2D (CX5), 2B4 (ebio244F4), CD48 (HM48-1), CD2, Trail (N2B2), NKp46 (29A1.4), ICAM-1 (ebioKAT-1), granzyme B (NGZB), perforin (eBioOMAK-D), T-bet (4B10), anti-Ki-67 (B56), CD44 (IM7) and functional grade anti-CD11a (M17/4) monoclonal antibodies were purchased from ebioscience (San Diego, CA, USA) and BD Biosciences (San Diego, CA, USA). Purified rat IgG was purchased from Jackson Immunoresearch (West Grove, PA, USA). Purified streptavidin was obtained from Invitrogen. PI and Annexin V (BD Biosciences) were per manufacturer\'s instructions. Flow cytometry was performed with a FACSCalibur (BD Biosciences), LSRFortessa (BD Bioscience), MoFlo XDP (Beckman Coulter) and the data were analyzed with CellQuest software (BD Biosciences) and FlowJo (version 7.6.5). Proper live lymphocyte population was gated by forward-/side-scatter and PI negative staining.

CFSE dilution assay
-------------------

Purified NK cells suspended in RPMI media were labeled with 5 μM CFSE at 37°C for 10 minutes. Cells were washed twice in PBS, and CFSE-labeled NK cells were incubated with 96 well flat-bottom or round-bottom plate with 300--500 U/ml rIL-2. After incubation, NK cells were harvested and assayed. Flow cytometry was performed with a FACSCalibur and analyzed with CellQuest software (BD Bioscience).

^3^H-Thymidine incorporation assay
----------------------------------

^3^H-thymidine incorporation assay was performed as previously described[@b43]. Cell viability was determined by Trypan Blue exclusion. To assess DNA synthesis, cells were exposed to 1 μCi/ml ^3^H-thymidne (Amersham Pharmacia Biotech, Korea) for 18 hours. Cells were harvested with Micro96 harvester (Skatron, Norway) and disintegrations per minute (DPM) counted by a β-counter (Packard Instrument Company, Meriden, CT).

CD107a granule release assay and IFN-g intracellular staining
-------------------------------------------------------------

NK cells, cultured as described above, were admixed with YAC-1 cell line at an E:T ratio of 1:1 in a round-bottom 96-wells plate for one hour. Anti-CD107a mAb conjugated with FITC was added in the presence of Golgistop (BD Biosciences) for 5 hours. After incubation, samples were stained with anti-NK1.1 and anti-CD3 Ab, fixed and permeabilized using cytofix/cytoperm intracellular stainig kit (BD Biosciences) and then stained with anti-IFN-γ-PE Ab. Flow cytometry was performed with FACSCalibur (BD Biosciences) and analyzed using CellQuest software (BD Biosciences).

Western blot analysis
---------------------

NK cells were harvested after 14 hour incubation with rIL-2 and lysed with protein lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl~2~, 1% Nonidet P-40, 0.5% sodium deoxycholate) supplemented with protease and phosphatase inhibitor cocktail PhosSTOP (Roche Diagnostics, Rotkreuz, Switzerland). Cell lysates were loaded onto SDS-PAGE and transferred to (PDVF) membrane (Gelman, Arbor, MI). This membrane was blocked with 5% skim milk in TBST overnight at 4°C and probed with anti-mouse phospho-Stat3 (Tyr 705; 79/86 kDa) or anti-Stat3 (92 kDa, Cell Signaling Technology, Danvers, MA, USA). After incubation with HRP (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), immunoreactive proteins were visualized using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL, USA). Band densitometry was performed using LabWorks (BioImaging Systems, UVP, Cambridge, UK).

PDMS mold fabrication
---------------------

Micropatterned silicon masters were fabricated at POSTECH National Center for Nanomaterials Technology (NCNT) by standard photolithography using 7 μm thick AZ 1512 (MicroChem) positive photoresist films on silicon wafer. Sylgard 184 pre-polymer base and curing agent (Dow chemical) were casted onto the silicon masters and cured 1 h at 70°C. Then, cured PDMS were peel off, and cut to create open channels.

NK cell-laden hydrogel microwell fabrication
--------------------------------------------

Hydrogel microwells were constructed as described previously[@b7]. Briefly, glass surfaces were functionalized with biotin and acrylate groups. Hydrogel microwells were created on the dual-functionalized glass surfaces by perfusing precursor solution (Poly(ethylene glycol) dimethacrylate) to the open channels and curing precursor solutions with UV. Then, the floors of the hydrogel microwells were coated with a capturing antibody by adsorbing streptavidin and subsequently adsorbing biotinylated anti-CD44. Then, 200 μL suspension of naive NK cells (2 × 10^7^ cells/ml) was applied to the anti-CD44 functionalized microwells and incubated at 4°C for 1 hour with gentle shaking. By gently washing cell-seeded dishes with cold PBS, we could remove non-adhering and weakly adhering cells by non-specific interactions, and obtain cellular arrays of NK cells in hydrogel microwells.

Immunofluorescence microscopy of cells in microwells
----------------------------------------------------

Purified NK cells were plated into the microwells and stimulated with rIL-2 for 18--36 hours at 37°C, 5% CO~2~, and fixed and stained for immunofluorescence microscopy. Briefly, cells in the microwell were fixed with 1% paraformaldehyde for 15 min at 4°C and permeabilized for 30 min with 0.02% saponin (Sigma) in PBS if necessary. Then, cells were incubated for 60 min with primary antibodies, washed and stained with secondary antibody for 60 min. A modified Zeiss Axio Observer.Z1 epi-fluorescence microscope with 40X (Plan-Neofluar, NA = 1.30) objective lenses and a Roper Scientific CoolSnap HQ CCD camera was used for imaging. XBO 75 W/2 Xenon lamp (75 W, Osram) and DAPI (EX. 365, BS 395, EMBP445/50), eGFP (EX BP 470/40, BS 495, EMBP 525/50), Cy3 (EX BP 550/25, BS 570, EMBP 605/70), and Cy5 (EX BP 620/60, BS 660, EMBP 770/75) filter sets were used for fluorescence imaging. Fluorescence images of fixed and stained NK cells were acquired by optical z-sectioning (25 individual planes, 0.5 μm apart). Integrated intensities of each molecule along the z-axis were obtained with ImageJ (NIH) and Metamorph (Molecular Devices). For quantification of CD122/132 puncta, identical thereshod values were applied to all the integrated images and numbers of pixels exceeding the threshold values were counted. Colocalization assay was performed using 'colocalization\' plug-in of ImageJ.

Analysis of CD122/132 clustering and proliferation of NK cells in poly I:C challenged mice
------------------------------------------------------------------------------------------

WT or 2B4KO mice were injected with 200 μg of poly I:C (invivogen) or PBS. To assess clustering of CD122/132 of NK cells in vivo, splenocytes were harvested from the mice 18 h after injection, stained with anti-CD3, anti-NK1.1, and NK cells (CD3^−^NK1.1^+^) were sorted by MoFlo XDP (Beckman Coulter). Sorted NK cells were seeded onto anti-CD44-coated glass plates for 30 min at 4°C, washed briefly with PBS, fixed with 1% paraformaldehyde, and stained with APC-anti-CD122 and PE-anti-CD132 for 1 h at RT. Fluorescence images of the fixed and stained NK cells were acquired and quantitatively analyzed as described above. To assess proliferation of NK cells, splenocytes were harvested from the mice 36 h after injection, stained with anti-CD3, anti-NK1.1, and anti-Ki-67. Flow cytometry was performed with LSR Fortessa (BD Bioscience) and analyzed using FlowJo (version 7.6.5).
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![NK cells in round-bottom wells exhibit higher proliferation than those in flat-bottom wells in response to IL-2.\
(a) Purified NK cells (0.5 × 10^5^ cells/well) were cultured with IL-2 at 300, 500 or 1000 U/ml in flat-bottom or round-bottom wells in 96-well plates. (b) ^3^H-thymidine incorporation assay to assess cellular proliferation was performed 4 days after the start of NK cell culture. Data are representative of five independent experiments. Error bars shown are SD from triplicates. (c) CFSE dilution assay was performed at 4 and 6 days after IL-2 stimulation of NK cells in flat or round-bottom wells. Fraction of NK cells undergoing cell division is shown for each histogram as percent of total NK cells in culture. Data are representative of three independent experiments. (d) CD11b/CD27 staining was performed along with CFSE dilution assay at 5 days after IL-2 stimulation (500 U/ml). One sample t-test was performed. \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](srep07157-f1){#f1}

![Local density of NK cells is important for NK cell proliferation in response to IL-2.\
(a) Purified NK cells were plated onto flat- or round-bottom wells at 0.1 × 10^5^, 0.5 × 10^5^, 1 × 10^5^, or 5 × 10^5^ cells/well, and cultured with 500 U/ml IL-2. (b) NK cell proliferation as assessed by CFSE dilution assays was performed 5 days after 500 U/ml IL-2 treatment. (c) CFSE dilution assays were performed at the time indicated using various NK cell numbers. Fraction of NK cells undergoing proliferation is shown for each histogram as percent of total NK cells in culture. The data shown are representative of four independent experiments.](srep07157-f2){#f2}

![NK cells in round-bottom wells exhibit higher activation status and greater cytotoxicity than those in flat-bottom wells.\
(a) Purified NK cells were plated onto flat- or round-bottom wells (0.5 × 10^5^/well), treated with 300 U/ml of IL-2 for 36 h, and expression levels of activation markers (CD25 and CD69) analyzed by flow cytometry. (b) PI/Annexin V staining, assessed by flow cytometry, was performed at 2, 4, 6 days with NK cells plated as above. (c) NK cells upon stimulation by Yac-1 cells were analyzed for the expression of CD107a degranulation marker and IFN-gamma cytokine. Expression of granzyme B, perforin, and T-bet in NK cells cultured in round (solid curve) versus flat-bottom wells (open curve) were analyzed by flow cytometry prior to the stimulation with YAC-1 cells. The data shown are representative of 3 independent experiments. One sample t-test was performed. \* p\<0.05, \*\*\* p\<0.001.](srep07157-f3){#f3}

![Analysis of homotypic NK-NK interactions using cell-laden microwells.\
(a) Schematic illustration of microwells used (left) and a representative differential interference contrast (DIC) image of successfully fabricated NK cell-laden microwells. (right, scale bar: 20 μm). Various numbers of NK cells can be accommodated in 'social\' microwells while only a single NK cell occupies a 'lonesome\' microwell; therefore contact-mediated NK-NK interactions are permissible in social microwells, but restricted in lonesome microwells. NK cells were plated into microwells, treated with 500 U/ml of IL-2, and fixed at 18 h and 36 h prior to immunostaining. (b) NK cells were fixed at 36 h after IL-2 treatment and stained with FITC-Ki-67. Representative overlay images of DIC and fluorescence images (upper panels), and quantification of Ki-67^+^ cells (lower panel) are shown. (c) NK cells were fixed at 36 h after IL-2 addition, and stained with PE-anti CD25 mAbs. Representative overlay images of DIC and fluorescence images (upper panels), and quantification of CD25^+^ cells (lower panel). (d) NK cells were fixed at 18 h after IL-2 treatment, and stained with FITC-anti-CD122 and PE-anti-CD132 mAbs. Top, Representative fluorescence images for CD122 (green) and CD132 (red) Bottom, Quantification of CD122/CD132 cluster area/cell and colocalization of CD122/CD132 puncta. (e) Immunofluorescence microscopy of GM-1 was performed to assess the contribution of lipid rafts to CD122/CD132 clustering. Additionally, NK cells were treated with pharmacological inhibitors of actin and microtubule activity (Latrunculin A (10 μM) and Nocodazole (20 μM), respectively), stimulated in round-bottom wells with 500 U/ml of IL-2, and stained for CD132 to quantify CD132 clustering. Representative images of GM-1/CD132 co-staining (top), CD132 clustering of control (DMSO) and inhibitor-treated cells (middle), and quantification of CD132 clustering (bottom) are shown. Data are representative of 3 independent experiments. One sample t-test was performed. \*\*\* p\<0.001.](srep07157-f4){#f4}

![NK cells in round-bottom wells or social microwells exhibit enhanced Stat3 phosphorylation than those in flat-bottom wells or lonesome microwells.\
(a) NK cells in social (top row) or lonesome (bottom row) microwells were treated with 500 U/ml of IL-2 for 18 h, fixed and stained with p-Stat3 and CD25. Representative fluorescence images for DAPI (blue), p-Stat3 (green) and CD25 (red) (left panel) and quantification of p-Stat3^+^ NK cells (right panel). Data are representative of 3 independent experiments. (b) Western blot analysis of NK cells cultured in round- vs. flat-bottom wells using p-Stat3 and total-Stat3 (cropped blots are shown, and original raw blots are shown in [Supplementary Information Fig. 1](#s1){ref-type="supplementary-material"}). The degree of Stat3 activation was determined by dividing the density of p-Stat3 by that of total-Stat3 (n = 5). One sample t-test was performed. \*\* p\<0.01, \*\*\* p\<0.001.](srep07157-f5){#f5}

![2B4-mediated cell-to-cell interaction is essential for contact-mediated augmentation of NK cell activation.\
(a) NK cells in microwells were treated with 500 U/ml of IL-2 for 18 h, fixed and stained with CD11a, 2B4, and NKG2D, and distribution of each molecule of NK cells in social microwells was examined. Representative DIC and fluorescence images of CD11a (top panel, green), 2B4 (middle panel, cyan) and NKG2D (bottom panel, red) are shown. (b-c) Blocking antibody for LFA-1 or 2B4 was added to WT NK cells in microwells at a final concentration of 10 μg/ml; alternatively 2B4 KO NK cells were plated onto microwells, treated with 500 U/ml of IL-2 for 36 h, fixed and stained with Ki-67 (b) and CD25 (c). (d) NK cells in microwells were treated with 500 U/ml of IL-2 for 18 h in the presence or absence of anti-2B4 (10 μg/ml), fixed and stained with anti-CD132, and clustering of CD132 was quantitatively analyzed. (e) NK cells in microwells were treated with IL-15 (10 ng/ml) for 30 hours in the presence or absence of anti-2B4 (10 μg/ml), fixed and stained with anti-Ki-67. Ki-67^+^ cells were quantified as shown. Data are representative of 3 independent experiments. One sample t-test was performed. \*\*\* p\<0.001.](srep07157-f6){#f6}

![Expression of 2B4 is critical for enhanced CD122/132 clustering and proliferation of NK cells in vivo.\
(a) Schematic illustration of in vivo experiments, as described in Methods. M. K drew this figure. (b) Representative DIC and fluorescence images of NK cells stained with anti-CD122 and anti-CD132 mAbs. NK cells (CD3^−^NK1.1^+^) purified from splenocytes of poly I:C- or PBS-injected mice 18 h after injection were fixed and stained, and fluorescence images were acquired. (c) Representative DIC and fluorescence images of NK cells stained with FITC-anti-CD122 mAbs (top) and quantification of CD122 clustering (bottom). Data are representative of three independent experiments. (d) Proliferation of NK cells in vivo assessed by Ki-67 expression. Splenocytes from WT or KO mice injected with PBS or poly I:C were harvested 36 h after injection, stained with anti-NK1.1, anti-CD3, and anti-Ki-67, and analyzed by flow cytometry. Representative histograms showing Ki-67 expression levels of NK cells (CD3^−^NK1.1^+^) with annotated percentages of Ki-67^+^ cells (top panel), and bar graphs showing the percentages of Ki-67^+^ cells per each condition. Data are representative of two independent experiments. One sample t-test was performed. \* p\<0.05, \*\*\* p\<0.001.](srep07157-f7){#f7}
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